Background: Exposure to total trihalomethanes in drinking water has been associated with several adverse birth outcomes relating to fetal growth and prematurity. Methods: We carried out a systematic review and meta-analysis of epidemiologic studies featuring original peer-reviewed data on the association of total trihalomethane exposure and health outcomes related to fetal growth and prematurity. Results: A comprehensive literature search yielded 37 studies, 15 of which were selected for the extraction of relative risks relating adverse birth outcomes to trihalomethane exposure. Sufficient data were available for meta-analyses to be carried out for 4 adverse birth outcomes: low birth weight (LBW), term low birth weight (term LBW), preterm delivery, and small for gestational age (SGA) (including intra uterine growth retardation). We found little or no evidence for associations between third trimester trihalomethane exposure and LBW (odds ratio per 10 g total trihalomethane/L ϭ 1.00 ͓95% confidence interval ϭ 0.97-1.03͔), term LBW (1.03 ͓0.93-1.15͔), or preterm delivery (0.99 ͓0.98 -1.00͔), but some evidence for SGA (1.01 ͓1.00 -1.02͔).
S upplies of drinking water were first disinfected using chlorine at the start of the 20th century, 1 primarily as a means of reducing mortality and morbidity associated with waterborne infectious disease. 2, 3 Chlorination was widespread in cities across the developed world by the 1920s, and the method remains a relatively inexpensive and effective means of disinfecting drinking water.
Chlorine reacts with organic compounds such as fulvic and humic acids in the source water to produce disinfection by-products. First identified in disinfected drinking water in the 1970s, 4, 5 trihalomethanes are generally the most abundant of the disinfection by-products, but many other chemicals may also be present. 6, 7 Over 600 disinfection by-products have been reported 8, 9 ; their presence and relative concentration vary seasonally and geographically, due to differences in the chemical character and physical properties of the source water and in the treatment and distribution systems. 10, 11 
PREGNANCY OUTCOMES ASSOCIATED WITH DISINFECTION BY-PRODUCTS
Over the last 2 decades, human studies have assessed the association of disinfection by-products with various outcomes related to fetal growth and prematurity. These outcomes have included low birth weight (LBW), [12] [13] [14] [15] [16] [17] [18] [19] [20] term LBW, 13, [21] [22] [23] [24] [25] [26] very LBW, 12, 18, 21, 27 small for gestational age (SGA), 13,15,18 -20,24,28,29 intra uterine growth retardation (IUGR), 16, 22, 27, 30, 31 preterm delivery (PTD) 12-17,20,22,24 -26,32-35 and very PTD, 22 and fetal death (miscarriage, 17 spontaneous abortion, 36 -38 and stillbirth 12, 18, 39, 40 ).
Six systematic reviews of the epidemiologic evidence for reproductive and developmental effects of exposure to disinfection by-products have been published: 2 narrative reviews, 6,41 2 comprehensive weight-of-evidence reviews, 42, 43 and 2 metaanalyses of chlorination and birth defects. 44, 45 The results from studies of fetal growth and prematurity are mixed, varying in both direction and magnitude of effect. Existing reviews present a useful synthesis and critique of the available literature, but they have not attempted to produce summary measures of effect. The weight of evidence is suggestive of small, positive associations between trihalomethane con-centrations in drinking water and some adverse birth outcomes related to fetal growth restriction (term LBW, SGA, IUGR), although evidence is not conclusive.
OBJECTIVES
Our objectives were to systematically review existing epidemiologic evidence and to carry out a meta-analysis of these data, to produce best-estimate exposure-response slopes of total trihalomethane exposure and adverse birth outcomes relating to fetal growth and prematurity. Ultimately, the objective is that these quantitative results would be suitable for the estimation of burden of disease using routine monitoring data on drinking water quality.
METHODS

Search Methods
We carried out a systematic review of the existing literature on trihalomethanes and adverse birth outcomes related to fetal growth and prematurity, using the following review question: "Given existing epidemiologic evidence, what is the exposure-response relationship between exposure of pregnant women to trihalomethanes in drinking water and the risk of various adverse birth outcomes related to fetal growth and prematurity?" We drew up a review protocol for the meta-analysis in advance, broadly following guidelines laid out in Egger et al. 46 We conducted and reported on our search methods and results following standards outlined in the QUOROM statement 47 and the MOOSE Guidelines. 48 We carried out a systematic, comprehensive bibliographic search using the US National Library of Medicine Medline database for the years 1980 -2007, using the PubMed interface. Full details of the search are provided in eAppendix (http://links.lww.com/EDE/A379). We checked the list of studies identified thus far for completeness against studies referenced in existing reviews. 6, 10, [41] [42] [43] We defined a priori eligibility criteria for studies. We retained only studies that were reported in peer-reviewed journals or published by a reputable independent body such as the World Health Organization (WHO) or the US Environmental Protection Administration (EPA). Studies were included if they were published in English, were epidemiologic studies, used maternal residence for exposure estimation, and presented odds ratio (OR), relative risk (RR), or other comparable measure of effect for at least one adverse birth outcome associated with exposure to disinfection byproducts. Studies not meeting these criteria were excluded and the specific reasons for their exclusion were noted.
The list of included studies was narrowed down further on the basis of the exposure assessment methods used: only those that characterized disinfection by-product exposure using at least 3 exposure categories were included. We excluded studies that dichotomized exposure, primarily because such a measure offers only a crude index of exposure; early epidemi-ologic studies that classified exposure according to water treatment methods have been criticized for their failure to capture a more detailed picture of exposure to disinfection by-products. 11 Second, we considered it impractical to combine relative risks from studies with binary exposure characterization and continuous/categorical exposure. Third, because trihalomethane concentrations from routine monitoring data on drinking water are generally available an estimate of a continuous odds ratio slope was considered to provide health impact assessments with the most useful information. Fourth, in developed countries, the reporting of drinking water treatment type is generally not mandatory, whereas reporting of trihalomethane concentrations is a legal obligation. Lastly, mixing of drinking water that has undergone different treatments is common practice in many countries.
The following data were extracted systematically from each included study by 2 researchers using a standard data collection form: study design, exposure characterization, definitions of exposure categories, and measures of effect and confidence intervals for each exposure category ( Table 1) . We checked the 2 datasets against one another and addressed any inconsistencies. The final set of studies was reviewed qualitatively to assess between-study heterogeneities.
Statistical Methods
In each of the studies reviewed, exposure had been presented in terms of concentration of total trihalomethanes or, in one case, trichloromethane (chloroform), using one of 2 measures: either parts per million (ppm) or micrograms per liter (g/L). We considered concentrations in ppm as equivalent to g/L, because at the low concentrations present in drinking water these are virtually equivalent. To include the one study reporting only chloroform concentrations, 16 we multiplied reported exposure categories by a factor of 1.33, on the assumption that chloroform might make up 75% of the total trihalomethane mixture and that concentrations of chloroform and total trihalomethanes in drinking water are highly correlated. 49 The majority of studies presented their results as ORs with 95% confidence intervals (CIs), although some used hazard ratio (HR) or relative risk, or risk ratio (both RR). For the purposes of this analysis, these measures were assumed to be equivalent to odds ratios. One study presented results at nested levels of confidence other than 95%. 21 In this instance, we calculated the standard error on the OR from the 99% CIs provided using the formula: The majority of the studies reported measures of effect adjusted for confounders. Adjustment had been carried out for a range of covariates that varied across the studies, but the majority adjusted for the same important factors (maternal age, parity, smoking, and social deprivation). Several studies did not provide unadjusted results and so adjusted results were used in the meta-analysis. We used unadjusted results in the one case where only unadjusted results were reported. Details regarding individual studies are presented in Table 2 . We sought to minimize between-study heterogeneity relating to exposure assessment methods. Thus, only those studies characterizing exposure based on maternal residence were included in this analysis. We subsequently grouped studies according to the exposure agent measured, the type of measure used, and the timing of exposure that was assumed. The timing of exposure in each study was either categorized by trimester or summarized for the whole pregnancy. The number of exposure categories used in studies varied from 3 to 6. Given the variation in the exposure assessment among studies, we carried out a 2-stage subset analysis to investigate differences in exposure agent and exposure timing for each health outcome. The analysis was divided on the basis of including the study that used chloroform as the exposure agent. 16 For each of these 2 subsets, analysis was further divided according to exposure timing. The first subset included studies that reported measures of effect associated solely with exposure in the third trimester, because most fetal growth occurs in this period; the second included only those reporting on entire pregnancy exposure; for completeness-and because exposure in different periods are likely correlatedthe third subset included all studies regardless of exposure timing (where both third trimester and entire pregnancy exposure were reported in the same study, measures of effect for third trimester were used). We carried out meta-analyses only for those subsets including at least 4 studies.
It was not practical to quantitatively explore other heterogeneities among the studies for a number of reasons: studies were relatively similar in overall design; differences among studies were not consistently presented; and, where meta-analysis might have been stratified on the basis of between-study variability (overall study design, variables adjusted for, geographical location of study, etc.), the number of studies in such subgroups was too few for the application of meta-analytical methods.
Techniques for pooling correlated estimates to compute regression slopes across exposure categories in individual studies have been described previously. 50 All studies provided measures of effect for several exposure categories, although cut-off points of these categories differed among studies ( Table 2) . Meta-analysis was carried out with the R software package 51 using scripts adapted from those developed by Key et al. 52 For each study, we fitted a weighted least-squares regression of ln(OR) against exposure, the weight being inversely proportional to the variance on ln(OR) at each exposure category midpoint. If there was no upper limit to the topmost exposure category, a midpoint was derived using half the width of the preceding category.
The use of various dose-response models to obtain study-specific slope estimates has been explored previously, 53 and slope estimates (and standard errors) were observed to be higher when using dose, as compared with ln(dose). Using Bayes information criterion to assess the fit of each dose-response model, it has been demonstrated that neither dose nor ln(dose) in a linear model was more advantageous. Therefore, we carried out a regression of ln(OR) against exposure. In the regression, we assumed that exposure to zero disinfection by-products from water was unlikely, because exposure to volatile disinfection by-products such as trihalomethanes can occur in the domestic environment through several routes (ingestion, inhalation, dermal absorption) and through a variety of pathways (drinking, eating, cooking, washing); therefore the intercepts of the regression slopes were not constrained to go through the origin. The reference categories used in each study differed ( Table 2) , which further supported this decision.
In addition to the qualitative investigation of heterogeneity between the studies, as described above, Cochran Qstatistic was used to test for between-study heterogeneity. Regression was carried out using both fixed effects and random effects models, and the results compared. The overall choice of a random effects model was informed by the findings of these analyses. Regression slopes of exposureresponse derived from individual studies were plotted, together with the summary slopes produced from the metaanalysis ( Fig. 1 ) and forest plots ( Fig. 2) .
To investigate the role of publication bias and other biases in the meta-analysis, we produced funnel plots (eFigure 2, http://links.lww.com/EDE/A379) for visual inspection of the symmetry of the data, as well as carrying out the Egger regression test. 54 We investigated the relative influence of individual studies on summary measures of effect using a leave-one-out sensitivity analysis for every subset analysis. Differences between the magnitude and direction of summary measures of effect for each study left out were investigated.
We calculated the risk of each pregnancy outcome for third trimester exposure to total trihalomethane at levels currently prescribed as guidelines in the United States 55 and the European Union 56 (80 g/L and 100 g/L, respectively). 
RESULTS
Results of Search, Data Extraction, and Study Evaluation
--
Where studies presented both adjusted and crude ORs, only the adjusted are given here as these were the ones used (unless otherwise stated). Only third trimester and entire pregnancy average exposure timings were used (unless otherwise stated). Some studies provided results for additional exposure timings that were not investigated in this meta-analysis.
a Where the exposure category was defined in Kramer et al 16 as below the limit of detection, it was assumed to be Disinfection By-products and Fetal Growth than Medline. Manual searching of bibliographies provided additional studies that met broad eligibility criteria: all but one were later excluded on the basis of more detailed criteria. A QUOROM diagram demonstrates the search method and the reasoning behind the exclusion of studies (Fig. 3) . Further data were provided for the study by Porter et al, 31 to give exposure category quintiles for the analyses of interest that had not been presented in the published paper. Ultimately, fifteen studies were deemed suitable for inclusion in the meta-analysis. Characteristics of the studies included in the analysis are given in Table 1 .
The meta-analysis included 2 population-based case-control studies, 16,17 2 cross-sectional studies, 21,24 1 cohort study, 13 2 retrospective cohort studies, 12,22 2 prospective pregnancy studies, 29, 33 and 5 studies for which the design type was not explicitly named. 18, 26, 31, 34, 35 For the purposes of this review, the studies were defined as population case-control studies, retrospective pregnancy cohort studies, or prospective pregnancy cohort studies ( Table 1 ). The qualitative review of betweenstudy heterogeneities found that the studies differed in their geographical location, their quoted measure of effect, adjustment for confounders, exposure characterization and categorization, and the definitions of health outcomes. Eleven studies were conducted in the United States, 1 in the United Kingdom, 1 in Canada, and 1 in Taiwan. Three studies used data from Massachusetts, but these could be combined because the time periods did not overlap. Two studies looked at the same populations in the United States, but reported on different outcomes. 29, 33 The majority of studies reported their results as odds ratios; 1 study reported relative risk, 12 2 reported risk ratios, 29, 33 and 1 reported a hazard ratio (HR) 34 (Table 2) . Eight studies provided only adjusted measures of effect; 5 provided crude and adjusted results, and 1 study provided crude figures where the difference between crude and adjusted was less than 15%. 21 Apart from this last exception, adjusted measures of effect were used in the meta-analysis. Adjustment for confounding in all studies had been done using logistic regression analysis, except one study that had used a Poisson regression model. 12 The covariates adjusted for in each study are shown in eFigure 2 (http://links.lww.com/EDE/A379).
The search retrieved studies in which exposure characterization differed, particularly in terms of exposure assessment. Studies not characterizing exposure with quantitative DBP concentration measurements were excluded. Exposure assessment methods used in the studies are given in Table 1 . The types of measure included concentrations, either from sampling or monitoring data. Only one of the studies did not use total trihalomethane as an exposure agent, but instead horizontal lines indicate 95% CIs on these slopes. The red vertical line indicates no effect (ie, OR slope ϭ 1.0). The blue dashed line is the summary OR slope, with the tips of the diamond indicating 95% CIs around this estimate.
used trichloromethane (chloroform). 16 Total trihalomethane concentration was by far the most common exposure agent across the studies. Many studies characterized exposure simply by taking the concentrations for the area (eg, water company, municipality, etc.) encompassing the maternal place of residence at birth. One study used hydraulic modeling to assign specific exposures to mothers, 13 while most studies made use of routine monitoring data. Two provided measures of effect both for residential trihalomethane concentration derived from sampling, and for personal exposure calculated using published algorithms. 29, 33 There were some disparities in the definitions of adverse birth outcomes among studies ( Table 2) . LBW was universally defined as birthweight Ͻ2500 g (or imperial equivalent). Term LBW was also universally defined as Ͻ2500 g for term births (themselves defined as Ն37 weeks of gestation). PTD was generally defined as a birth of Ͻ37 weeks of gestation, although one study used a definition that incorporated limits on gestational age and birth weight. 34 The definitions of SGA (including IUGR) varied the most, with differences in the age-weight distributions and cut-off points, and whether only term births were included. Definitions of SGA also varied in terms of the population weight percentile cut-off points. Such differences among studies contributed to our decision to employ a random effects model in the meta-analysis. Figure 2 shows the study-specific exposure-response slopes and the pooled slope for each of the outcomes investigated. Results of the Q-test suggested that there was no heterogeneity among studies. The Q-test, however, has limited ability to detect heterogeneity when numbers of studies are small. 57 Differences in results with fixed effects and random effects were scarcely distinguishable. In the light of these findings, and given the results of the qualitative review of between-study heterogeneities, we applied the more conservative approach of using the random effects model. The results of the random-effects meta-analysis are summarized in Table 3 . These are given as odds ratio slopes (OR per 10 g trihalomethane/L) with 95% confidence intervals; Cochran Q-statistics are also provided for each subgroup analysis. Overall, we found little or no evidence for associations between trihalomethane concentration and the pregnancy outcomes examined.
Results of Meta-analysis
Forest plots for the various pregnancy outcomes are given in Figure 2 , assuming only total trihalomethane as a measure of exposure for the third trimester. We considered the distribution of studies in funnel plots (total trihalomethane only and third trimester exposure) (eFigure 1, http://links.lww.com/EDE/A379) to indicate that further investigation of bias would be justified, particularly in the case The leave-one-out sensitivity analysis results were tabulated, and differences between the results of each iteration and the original full subset analysis were calculated. Full results of the sensitivity analysis are presented in eTable 2 (http://links.lww.com/EDE/A379). Some very small changes of magnitude and changes of direction of effect were noted. Nevertheless, in none of the subset analyses did omitting an individual study change the summary measure of effect by more than 2%, with most differences being several orders of magnitude less. The direction of effect was altered only for analyses looking at LBW. This finding can be attributed to the summary OR slope being extremely close to 1.00. Removing the only study using chloroform as an exposure index instead of total trihalomethane 16 had an effect on the direction of only one analysis (LBW, third trimester)-again the summary OR slope was very close to 1.00.
DISCUSSION
We used quantitative meta-analysis techniques to investigate associations between exposure to total trihalomethane in drinking water and indicators of fetal growth and prematurity. Meta-analytic techniques can increase the statistical power to detect small excess risks. Nonetheless, we found little or no evidence for associations with most indicators of fetal growth and prematurity, with the exception of SGA.
These results are broadly in line with narrative reviews carried out previously, which have found evidence for an association of disinfection by-product exposure with SGA but not with LBW or PTD. 42, 43 In contrast to previous qualitative results of these reviews, this meta-analysis did not find a positive association with term LBW.
We carried out subset analyses to investigate the effects of exposure timing and the inclusion of a study using chloroform as the exposure agent; small positive effects for SGA were reported only for analyses that included total trihalomethane as the exposure agent and third-trimester exposure or any exposure timing. We consider SGA to be the best characterized of these fetal growth outcomes because it takes gestational age of the fetus into account. As such, with SGA we expect to have more power to detect small risks relating to retarded fetal growth.
The Cochran test for homogeneity indicated a lack of heterogeneity among the studies. This was in contrast to the findings of our qualitative review of the studies, which showed study differences in the characteristics of the study populations, in the degree to which confounding was controlled, and in definitions of health outcomes. In addition, because total trihalomethane acts as a surrogate for exposure to an unknown putative agent, the actual concentrations of this agent (or agents) might differ among the studies. The outcome for which the meta-regression graphs display the least between-study heterogeneity (in terms of gradient) is that of SGA (Fig. 1D) , where all but one of the studies indicate a positive slope. Because of these qualitative findings, and the fact that the Q-test is known to have a low power when the number of studies is small, 58 we considered a random effects model to be most appropriate for the regression of the study-specific slopes. 59 Other tests of heterogeneity, such as the I 2 -test, were not employed as these are similarly limited when studies are few. 60 The OR slopes should be viewed in the context of levels of total trihalomethane typically present in drinking water, and where potentially large populations are exposed. We applied our summary estimates of effect to United States and European guidelines (80 g/L and 100 g/L, respectively). As an example, we found that the risks of SGA for third trimester exposure to total trihalomethane at these levels were OR ϭ 1.08 (95% CI ϭ 1.01-1.17) and 1.10 (1.01-1.21), respectively. Results for the other 3 outcomes are provided in eTable 3 (http://links.lww.com/EDE/A379). We carried out this meta-analysis under the assumption that the log-odds of the response variables varied linearly against concentration of total trihalomethane; this was in the absence of data to support other exposure-response relationships. This is a limitation of our analysis, and should be taken into account when using the slope estimates, particularly when extrapolating to high concentrations of total trihalomethane. Were it possible to pool all original data from these studies, specific exposure cut-offs might be examined, thereby facilitating investigation of exposure-response slopes.
The few number of studies included in some meta-analysis subsets limited the degree to which we could investigate differences in exposure assessment. Although some studies reported various exposure timings, these have not been extensively explored in the available literature; the majority of studies looked only at the third trimester, which is regarded as the most critical exposure period for these outcomes. For SGA, slightly stronger evidence was found for an association with exposure in the third trimester, which might be expected given that weight gain occurs mainly in the third trimester. 43 Few studies reported exposure specifically to chloroform, limiting the analysis of different exposure agents. However, total trihalomethane and chloroform both presumably serve merely as indicators for the unknown putative agent.
In the leave-one-out sensitivity analysis, individual studies had little effect on the magnitude of the OR slopes, although direction of the effect was altered in some instances. The large study by Dodds et al 35 exerted considerable influence on the summary measure. Inspection of the metaanalysis regression slopes (Fig. 1C) showed that a study with very narrow exposure categories 22 tended to produce slopes with tight confidence intervals, which thus increased their weighting in the meta-analysis. Results changed very little in the leave-one-out sensitivity analysis for any of the SGA subgroup analyses, further supporting evidence of an association for this outcome.
Interpretation of the funnel plots was hampered by the small number of studies. Although the results of Egger's regression test (both weighted and unweighted) demonstrated that there was no notable publication bias in results of any subset analysis, the robustness of this test was limited.
Although definitions of LBW, term LBW, and PTD were consistent across all studies, definitions for SGA (sometimes called IUGR, in spite of differences between the 2 outcomes) differed in the weight percentile cut-off points and the degree to which reference curves had been adjusted for various factors (Table 2) .
It was not possible to explore the effects of varying the exposure categories because the studies did not present the distribution of their exposure data in sufficient detail. The selection of exposure category midpoints may have introduced bias into the model for the uppermost exposure categories which, if open-ended, were set using the midpoint from the preceding category. Use of the exposureresponse slope in the assessment of population health risks should take this into account.
No toxicologic data were incorporated into the analysis. An investigation has been published previously 53 on the use of Bayesian methods for the combination of epidemiologic and toxicologic studies. Trihalomethane exposure and LBW were used for illustration; combining study-specific doseresponse slope estimates. Results were found to be contingent on robust data and consistent definitions for health outcomes in humans and in animals. Furthermore, epidemiologic studies commonly use total trihalomethane concentration in water as a proxy for exposure, rather than a measure of ingested dose. In addition, in normalizing the epidemiologic studies to toxicologic ones, the assumption is made that epidemiologic studies have reported on trihalomethanes as the putative agent and that all exposure is through ingestion. The validity of these assumptions may be questioned.
We expected Berkson error associated with aggregate total trihalomethane data to dominate over random error for residential exposure estimates in the individual studies, and hence in the summary estimate. Berkson error may have reduced the power of the studies, but the risk estimates were probably not attenuated as they might have been if random error were dominant. Mobility of women during their pregnancies, and other factors such as changing residence, between areas with different exposure, may have led to exposure misclassification and attenuation of the summary measures of effect.
Elevated risks of restricted fetal growth have been associated with exposure to total trihalomethane of those mothers and infants carrying a genetic polymorphism for CYP2E1, the enzyme primarily involved in the metabolism of low doses of chloroform. 30 If these data are corroborated, people carrying the CYP2E1 variant could have considerably greater risk of SGA than what we report here for pooled populations.
Studies generally used indirect estimates of exposure based on monitoring data linked to maternal residence at birth. As such, exposure data were aggregated in both space and time, due to marked variations in trihalomethane concentration occurring from home to home and throughout each pregnancy. Hundreds of disinfection by-products might be present in any one drinking water sample. Only studies using area-level concentration of total trihalomethane (and, in one Epidemiology • Volume 21, Number 3, May 2010
Disinfection By-products and Fetal Growth instance, chloroform) in drinking water were combined in this meta-analysis. Some studies estimated exposure through different routes or pathways, but we included only those based on maternal residence. Area-level total trihalomethane data represent the most practicable means of categorizing exposure in large studies; the costs of accurately estimating intake in large populations are prohibitively high. As long as the putative agent in the DBP mixture remains unknown, the results of this meta-analysis may be useful in health impact assessment or other estimations of burden of disease attributable to disinfection by-products, where routine total trihalomethane monitoring data are available. It would be worthwhile to examine the potential effects of individual disinfection by-products, if such data became available. Large, well-designed epidemiologic studies are needed that take into account relevant confounders and characterization of disinfection by-product exposure, and with carefully defined health outcomes. 11, 42, 43 In the absence of such studies, meta-analysis provides the best possible estimate measure for use in risk assessment and public health policy.
